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Detection of Experimental Right Ventricular Infarction by Isopotential
Body Surface Mapping During Sinus Rhythm and During Ectopic
Ventricular Pacing
DAVID M. MIRVIS, MD, FACC
Memphis, Tennessee
Electrocardiographic (ECG) effects of experimental, iso-
lated right ventricular infarction were studied in 10dogs
during sinus rhythm as well as during ectopic right and
left ventricular pacing. Infarction was produced by in-
jecting latex into the right coronary artery and ECG
consequences were examined by body surface isopoten-
tial mapping methods using an 84 electrode torso array.
During sinus rhythm, subtraction of preinfarction from
postinfarction maps demonstrated that right ventricular
necrosis produced abnormal negative potentials over the
right hemithorax during the early. middle and late por-
tions of the QRS complex. These patterns corresponded
to loss of R waves and deepening of preexistent or de-
velopment of new Q and S waves in waveforms from
this region. Patterns during ectopic ventricular stimu-
lation were compared with mean maps derived from 13
Right ventricular necrosis is a common accompaniment of
left ventricular infarction that produces characteristic hemo-
dynamic consequences (1-4), Electrocardiographic (ECG)
detection of this clinically important lesion is, however, less
completely understood than for damage to the left ventricle,
Two possible reasons for this include I) the limited contri-
bution of the right ventricle to the QRS complex during
sinus rhythm because of the simultaneous activation of the
dominating left ventricle (5,6), and 2) the masking of the
effects of right ventricular damage by the almost universally
accompanying left ventricular infarction (1,3).
In this study, we sought to define the ECG abnormalities
produced in an experimental model designed to reduce the
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control dogs. Both left and right ventricular pacing after
right ventricular infarction resulted in a right-sided ab-
normal minimum, similar in location to that observed
during sinus rhythm, throughout the QRS complex.
Thus, 1) right ventricular necrosis does produce QRS
complex changes over the right torso that are analogous
to those produced by left ventricular infarction, and 2)
the dominant pattern of an abnormal right-sided mini-
mum was present regardless of the ventricular activation
pattern. This latter finding suggests that the region of
right ventricular necrosis provided a supplementary path
for current to reenter the heart regardless of the current
source, so that an overlying electrode would record neg-
ative voltage with all activation patterns.
(J Am Coil Cardiol1987;10:157-63)
effects of these two confounding factors. First, infarction
was limited to the right ventricle. Second, ECG changes
were evaluated using isopotential body surface mapping, a
technique known to be sensitive to regional and multiple
simultaneously active myocardial wave fronts including those
in the right ventricle (7). In addition, we examined the added
value of ectopic ventricular pacing to reveal evidence of
right ventricular necrosis by permitting sequential rather
than simultaneous depolarization of the two ventricles (8,9).
Methods
Experimental model. Right ventricular infarction was
experimentally produced in 14 healthy adult dogs (Group
A). Anesthesia was induced with intravenous thiopental and
maintained by inhalation of an oxygen-halothane-nitrous
oxide mixture. We performed a right thoracotomy under
sterile conditions, opened the pericardium and isolated the
proximal right coronary artery. This vessel was ligated and
an arteriotomy was performed distal to the ligature. Liquid
latex (1 ml) was then injected into the distal artery to occlude
the vessel as well as to "embolize" the collateral vessels
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to it from the other coronary beds (10) . Quadripolar epi-
cardial plaque electrodes were sutured onto the right ven-
tricular outflow tract beyond the area of infarction and onto
the left ventricular free wall. The chest was closed in layers ,
and the pacing wires were buried in a subcutaneous pouch
near the back of the dog's neck .
An additional 13 dogs served as a control group (Group
B). In these , we performed a thoracotomy and implanted
pacing electrodes but right coronary artery occlusion was
not performed.
ECG recordings. Electrocardiographic signals were re-
corded before and 3 weeks after surgery. After sedation
with Innovar- Vet, I to 2 ml intramuscularly, 84 chloridized
silver electrodes were placed on the dog's shaved chest.
These covered the anterior (54 electrodes) and posterior
torso from the level of the clavicles to below the inferior
rib margin. Additional electrodes were placed on the legs
to record limb leads and to calculate Wilson central terminal
voltages .
Potentials from each electrode were amplified and si-
multaneously digitized at a rate of 500 samples/channel per
second . Thoracic electrode voltages were registered using
differential amplifiers referenced to the central terminal out-
put.
In the postoperative recording session, signals were sam-
pled during sinus rhythm as well as during ectopic left and
right ventricular pacing. The latter was performed using
stimuli 2 ms in duration and 50% above diastolic threshold
at the lowest rate that permitted reliable capture.
Pathologic studies. Dogs were killed after the second
recording session. Hearts were excised and sliced into sec-
tions 8 nun thick parallel to the atrioventricular (AV) groove.
Sections were then incubated in triphenyltetrazolium chlo-
ride solution at 37°C for 30 minutes to delineate infarcted
tissue (II). Normal tissue was stained red, whereas necrotic
zones remained unstained.
ECG data analysis. ECG potentials were processed to
construct isopotential maps, as previously described (12).
First , similar QRST cycles were averaged to reduce random
noise . Second, onsets and offsets of the QRS and ST-T
interval were manually determined from plots of three rel-
atively orthogonal leads. Potentials during a 20 ms period
of the terminal TP segment were averaged for use as a zero
potential baseline. Isopotential maps were then constructed
at 2 ms intervals during the QRS complex using a linear-
bilinear interpolation routine.
Isopotential difference maps were constructed to display
the changes produced by right ventricular infarction. To do
so, potentials at each electrode recorded before surgery were
subtracted from those registered at the same locus and at
the same instant during the QRS complex after infarction.
Maps displaying the mean potentials at each electrode
location during ectopic ventricular pacing were also con-
structed. To do so, voltages at each site and at each instant
during the QRS complex in the 13 control dogs of Group
B were averaged. These mean voltages were then processed
to form isopotential distributions .
Statistics. Quantitative data were tabulated as mean ::±:
SO . Comparisons using t tests relied on a 5% significance
level.
Results
Twelve of the 14 Group A dogs subjected to right coro-
nary artery embolization survived the experimental period.
At postmortem examination, 10 had extensive necrosis of
the right ventricular free wall but without infarction in either
the left ventricle or the interventricular septum (Fig. I).
Data from only these 10 dogs were further analyzed.
Sinus rhythm (Fig. 2 to 4). QRS durations changed by
2.4 ::±: 1.6 ms after infarction (p > 0.05). Isopotential maps
of Figure 2 demonstrate pre- and postinfarction patterns
from one representative case . In each map, plus and minus
signs indicate electrode locations , with the sign correspond-
ing to the polarity of the recorded voltage. The center of
each map is along the sternum, and the left and right margin s
correspond to right and left paravertebral regions, respec-
tively. Contour lines, connecting sites at equal potential
relative to the Wilson central terminal , are drawn at the
levels indicated in each panel . Zero isopotential lines are
overdrawn for emphasis , and intensities of the maximal and
minimal potentials are tabulated . Electrode sites with peak
positive and negative voltages are marked .
Panels A, Band C of Figure 2 depict the potential dis-
tribution /4, 32 and 46 ms into the QRS complex before
Figure 1. Heart slice stained with triphenyltetrazolium chloride
after latex embolization of the right coronary artery. The unstained
region of necrosis (arrow) is limited to the right ventricular (RV)
free wall. LV = left ventricle .
•
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Figure 2. Body surface isopotential maps
before (panels A to C) and after (panels
D to F) right ventricular infarction. Panels
A and D, 14 ms into the QRS complex.
Contour lines are at zero and ± 250 and
± 500 p.V, Panels Band E, 32 ms into
the QRS complex. Contour lines are at
zero and ± 1,000, ± 2,000 and ± 2,500
p.V. Panels C and F, 46 ms into the QRS
complex. Contours are at zero and ± 250
and ± 500 p.V. Maps in panels G, Hand
I are isopotential difference maps com-
puted by subtraction of maps in panels A
to C from those in panels D to F. Mark-
ings are as detailed in the text.
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infarction. Initially (panel A), a central anterior maximum
surrounded superiorly by negative voltages dominates. Sub-
sequently (panel B), negative voltages invaginate into this
maximum, resulting in a left lateral maximum and a right
superior minimum, Near the end of the QRS complex (panel
C), the maximum again moves to a left-central position.
After right ventricular infarction, potentials at each in-
stant were significantly different. Early in the QRS complex
(panel D), negative potentials are more prominent as the
maximum is shifted laterally. In the midportion (panel E),
negative voltages are likewise more prominent over the right
hemithorax; terminally (panel F), the right-sided minimum
persists. Thus, right ventricular infarction resulted in easily
perceived differences in thoracic potentials during all seg-
ments of the QRS complex.
Isopotential difference maps highlighted these changes.
The map in panel G was constructed by subtraction of the
pattern in panel A (14 ms into the QRS complex, prein-
farction) from those in panel 0 (14 ms into the QRS com-
plex, postinfarction). The resulting distribution depicting
the electrical field" generated" by infarction was dominated
Figure 4. Isopotential distributions 14 ms into the QRS complex
before (panel A) and after (panel B) right ventricular infarction.
The map in panel C is the result of subtraction of the isopotential
distributions in panel A from those in panel B. Contour lines are
drawn at zero and ±500, :!: 1,000, ± 1,500and ± 2,OOO/-LV levels.
Figure 3. Examples of the effect of right ventricular infarction
on unipolar ECGs registered from six (A through F) torso elec-
trodes. Positions of the six electrodes are indicated in the diagram
on the upper left. Two waveforms from each are illustrated; the
left one was recorded before and the right one was registered after
right ventricular necrosis. The scale figure (lower right) indicates
I mV vertically and 200 ms horizontally.
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Figure 5. Panels A to C, Mean isopo-
tential maps during right ventricular pac-
ing and 26, 54 and 86 ms into the QRS
complex. Panels D to F, Maps from one
case after right ventricular infarction dur-
ing right ventricular pacing at the same
instants. Contour lines in panels A, C,
D and F are at zero and ± 250 and ± 500
J.LV; in panels Band D, they are at zero
and ± 1,000, ± 2,000 and ± 2,500 J.LV.
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by an intense right-sided minimum and a left-sided maxi-
mum. During subsequent instants (panels H and I), this right
minimum persisted. Thus, right ventricular infarction gen-
erated a potential field throughout the QRS complex char-
acterized by a relatively stationary right thoracic minimum
and left-sided maximum.
Changes in unipolar ECGs that correspond to the iso-
potential difference maps are illustrated in Figure 3. Wave-
forms from right and central thoracic sites (sites A through
D) show new Q waves and reduced R wave amplitude after
infarction. Those from left torso regions (sites E and F) have
increased R wave amplitude. These changes correspond to
the location of electrodes in relation to the maxima and
minima in difference maps such as in Figure 2 (panels G
to I).
Another example is shown in Figure 4. Distributions 14
ms into the QRS complex before (panel A) and after (panel
B) infarction are shown. In this case, the overall features
of the maps are not different; a central maximum surrounded
by superior negativity is observed. The isopotential differ-
ence map (panel C), constructed by subtraction of voltages
of panel A from those of panel B, reveals an intense right-
sided minimum and left-sided maximum. This pattern is
like that in Figure 2, panels G to I, and demonstrates the
consistency of the effect of right ventricular infarction re-
gardless of the surface ECG pattern.
Right ventricular pacing (Fig. 5). Isopotential distri-
butions during right ventricular pacing without and with
right ventricular infarction are shown in Figure 5. Nonin-
farction patterns in panels A through C represent distribu-
tions from average maps computed by determining the mean
potential at each electrode site at each instant during the
QRS complex in the 13 control dogs of Group B.
In the absence of infarction. early QRS patterns were
dominated by a right-sided maximum and a left lateral min-
imum (panel A). Toward the middle of the QRS complex,
the maximum spreads along the caudal torso as the minimum
became superiorly and centrally positioned (panel B). Late
in the QRS complex, the maximum became left-sided, as
negative potentials appeared over the right lateral chest (panel
C). The patterns in mean maps were observed in all 13
individual cases.
Patterns from one representative case after right ven-
tricular infarction are shown in panels D through F. Map
extrema at 24, 54 and 86 ms into the QRS complex are all
similar to each other, but clearly different from those ob-
served at the same time points without infarction (panels A
to C). In each map, an intense right-sided minimum exists
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Figure 6. Panels A to C, Mean iso-
potential maps during left ventricular
pacing 22,54 and 86 ms into the QRS.
Panels D to F, Maps from one case after
infarction during left ventricular pacing.
Contour lines as in Figure 5.
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that changes in amplitude but not in position. Positive po-
tentials dominate the left hemithorax. These characteristics
were seen in all 10dogs of Group A during right ventricular
pacing.
Left ventricular pacing (Fig. 6). Mean maps during
left ventricular pacing were constructed from control dogs
of Group B as was done for right ventricular stimulation.
Patterns are shown in Figure 6, panels A through C. Early
during the QRS complex (panel A), a right-sided maximum
and a left-sided minimum are observed. This general pattern
persists during the mid (panel B) and late QRS (panel C)
complex, although changes in low level negative potentials
are observed. Such stable patterns were observed in all
individual cases as well as in the illustrated mean maps.
After right ventricular infarction, maps at the same time
points from one representative case demonstrated a right-
sided minimum and a left-sided maximum (panels D to F).
Thus, during the early, middle and late QRS complex, is-
opotential patterns were alike but different from those ob-
served during left ventricular pacing without infarction (panels
A to C).
Discussion
Efforts to identify ECG markers of right ventricular in-
farction may have two motives. First, a noninvasive and
accurate method to detect clinically significantlesions would
have obvious clinical value. Second, determining the ECG
effects of loss of right ventricular tissue may have impli-
cations for the pathogenesis of the postinfarction ECG.
Methodology. Resultsof this study should be considered
in relation to the methods used and to prior related efforts.
We produced right ventricular infarction by embolization
of the right coronary artery. As used in prior studies of left
ventricular infarction (10), this produces a dense, homo-
geneous lesion by blocking retrograde collateral as well as
anterograde coronary flow. Similar methods using mercury
injections have been reported (4,13,14), as have data doc-
umenting the potential significance of collateral flow to the
right ventricle (15,16). As illustrated in Figure I, only cases
in which the dense necrosis was limited to the right ventricle
were studied, eliminating the confounding factors of patchy
necrosis and of left ventricular or septal involvement.
Isopotential mapping was employed because of its proved
ability to detect multiple simultaneously active cardiac wave
fronts (17,18). This is particularly important when assessing
right ventricular phenomena because of the increased like-
lihood of cancellation of right ventricular forces by the more
intense left ventricular forces. For example, evidence of
normal right ventricular epicardial breakthrough may be
observed simultaneously with potentials generated by con-
tinuing left free wall depolarization (7).
Prior studies. Most prior studies have focused on ST
segment shifts in right precordial leads (19-26). These ef-
forts generally demonstrated the significant value of ST
elevation in various right precordial leads, particularly when
recorded soon after the onset of symptoms, in detecting
right ventricular infarction. Others have sought QRS ab-
normalities (14,27-32). Although Myers et al. (27) could
not identify changes characteristic of clinical right ventric-
ular involvement, Montague et al. (28) reported differences
in Q zone forces in isointegral maps from patients with left
ventricular and with biventricular infarction. Experimental
studies have similarly described the QRS effects of right
ventricular necrosis. Chou et al. (14), for example, reported
development of new Q waves and reduction in R wave
amplitude over the right side of the chest, that is, the same
pattern typical of left ventricular infarction in left-sided leads,
after mercury injection into the right coronary artery. These
findings corresponded to the minimum in postinfarction iso-
potential maps published by Sugiyama et al. (29).
Changes during sinus rhythm. Isopotential distribu-
tions presented in Figure 2 clearly demonstrate that exten-
sive right ventricular damage does alter the QRS complex.
Right-sided negative potentials, most easily seen in the dif-
ference maps of panels G to I, are projected to the body
surface throughout the period of ventricular depolarization.
These findings are similar to those reported by Sugiyama
et al. (29), and would correspond to development of Q
waves and reduced R wave amplitude in scalar ECG re-
cordings over the right chest (Fig. 3). Thus, right ventricular
infarction produces changes analogous to those of left ven-
tricular infarction. The topographic relationof this newpost-
infarction minimum to the underlying damaged right ven-
tricle is consonant with the documented ability of surface
mapping to detect and to localize regional myocardial events,
including ischemia and necrosis (18,33).
The value of difference or subtraction maps is empha-
sized hy the data presented in Figure 4. In this case, spatial
changes in the directly recorded potential distributions be-
fore (panel A) and after (panel B) infarction were small.
However, the difference map in panel C demonstrated an
intense minimum due to infarction that was very similar to
that observed in the example shown in Figure 2 (panel G)
thatdid have moredefinite postinfarction map changes (panels
A and F). Thus, comparison of pre- and postintervention
data, a situation that is unfortunately uncommonly possible
in the clinic, can identify diagnostically useful data not
otherwise detectable.
Changes during ventricular ectopic stimulation. Post-
infarction maps during right or left ventricular pacing dem-
onstrated abnormal negative potentials over the right chest
throughout the QRS complex when compared with mean,
noninfarction distributions (Fig. 5 and 6). Comparison with
mean data rather than with individual preinfarction patterns,
as was done during sinus rhythm, was required because two
operative procedures would have been needed for I) im-
plantation of electrodes, and 2) production of infarction by
embolization.
162 MIRVIS
RIGHT VENTRICULAR INFARCTION
JACC Vol. 10. No. I
July 1987: 157-63
The most dramatic finding in these studies was the pro-
duction by right ventricular infarction of a new and abnormal
right chest minimum that was spatially stable throughout
the QRS complex and that developed regardless of the ac-
tivation pattern of the ventricles. As shown in Figures 2, 5
and 6, the postinfarction distributions were similar during
sinus rhythm, right ventricular pacing and left ventricular
stimulation, all of which produce very different activation
sequences and surface patterns in the absence of infarction.
Thisuniform response wasunexpected. Wilson et al. (33)
proposed that an infarction produces an electrically inert or
passive "hole" through which an electrode views activity
on the opposite heart surface. If so, alteration of activation
patterns should likewise alter the potentials registered by an
electrode overlying the infarct in periods of the QRS com-
plex during which the infarcted region was normally active.
Such changes in excitation may result from either the normal
temporal sequence of activation or global changes produced
by bundle branch block or ectopic stimulation. No such
effects were observed despite the large size and homogeneity
of the experimentally produced right ventricular infarction;
both would augment the "window" function of the lesion.
The observed similarities may, however, be interpreted
according to an alternative ECG role for the necrotic tissue
suggested by Flaherty et al. (34). As illustrated by these
investigators, the inactive necrotic zone provides a path of
nondepolarized myocardium through which torso currents
can reenter the heart chambers. In this view, the negativity
over the infarct is the result of active rather than passive
factors. Accordingly, an electrode positioned over the reen-
try site would register negative potentials regardless of the
site of origin of the current flows, that is, the activation
front. As location of active sites varied, current would flow
from their endocardial margins, through the epicardium and
around the torso to reenter through the infarct. (Transmural
activation is largely in an endocardial to epicardial direction
even with epicardial stimulation [91.) Hence, the polarity
of voltage recorded over the lesion would be negative re-
gardless of the activation sequence, as was observed here.
Variations in low amplitude contours might reflect the dif-
ferences in source location.
Duration of the negativity would vary with the period of
inactivity of the infarcted region. In the case of dense right
ventricular infarction, the persistence of negativity through-
out the QRS complex is consistent with the dense transmural
lesion producing complete electrical silence.
Leftversus rightventricular infarction. Although mid
and late QRS changes do occur with left ventricular infarc-
tion, they are typically positive rather than negative voltage
shifts (35), possibly related to effects of local conduction
block. This difference between right and left ventricular
infarction may relate to the heterogeneous lesions in the left
ventricle with epicardial and scattered intramural sparing
produced by coronary ligation rather than to the dense,
transmural right ventricular necrosis produced by latex in-
jection. Spared tissue may be activated late in the QRS
complex (36), rendering the infarct zone active rather than
inactive, producing local positive voltages. It may be spec-
ulated that lesions produced in the left ventricle by these
two methods would also differ in their electrocardiologic
properties.
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